ABSTRACT The exponential growth in the global demand for wireless connectivity calls for efficient and reliable management of the available wireless resources. Light fidelity (LiFi) harnesses the vast untapped wireless transmission resources in the infrared spectrum and visible light spectrum to create ultra-dense wireless networks which support user mobility, multiuser access, and handover. Various multiuser access (MA) protocols have been developed to meet the varying system requirements, including orthogonal multiple access (OMA) and non-orthogonal multiple access (NOMA) schemes. While NOMA, on the one hand, allows for significant enhancement in the achievable data rates, its performance may be severely degraded under particular conditions such as a large number of connected users or users existing in highly symmetrical locations. OMA, on the other hand, provides better link reliability in such scenarios but at the expense of decreased spectral efficiency. Therefore, there is a need to enable a degree of intelligence in the LiFi access point (AP) to facilitate real-time configuration of the MA protocol. To this end, this paper develops a novel cross-layer design framework for dynamic multiple access selections (DMAS) in intelligent LiFi APs. The developed framework runs at LiFi attocell system level and can be configured to cater for various system requirements in terms of sum data rate, average outage probability, and fairness. The obtained results show that DMAS introduces an effective solution for multiuser resource allocation by achieving better satisfaction of the system requirements compared to the static configuration of a single MA scheme.
emerged as a promising technology to complement the existing radio frequency (RF) infrastructures [11] . To this end, LiFi access points (APs) are envisioned to be widely deployed to enable high-speed wireless connectivity in various indoor and outdoor environments including airports, stadia, industrial plants, transport systems and underwater submarines, to name a few [12] .
A. BACKGROUND AND RELATED WORK
The deployment of enhanced medium access schemes in LiFi attocells is a critical requirement to enable more effective and efficient wireless resource allocation and meet the quality of service (QoS) requirements (e.g., throughput, reliability, coverage, latency, security, and privacy) [13] - [15] . Different multiuser access (MA) schemes have been developed to meet the demands of various network configurations. Orthogonal multiple access (OMA) schemes, on the one hand, allocate distinct frequency/time/spatial resources to different users, allowing interference-free multi-user access [16] - [18] . On the other hand, non-orthogonal multiple access (NOMA) schemes allow users to share the available frequency/time resources in the same spatial layer. Power-domain NOMA, for example, allocates distinct power levels to different users based on their respective channel conditions in a way that allows each user to recover its own signal [19] - [22] , whereas code-domain NOMA employs unique spreading sequences so as to multiplex the users' signals in the code domain, such as the well-known code-division multiple access (CDMA) technique [23] , [24] . As a result, NOMA schemes could significantly improve the throughput of LiFi networks and accommodate high-rate services. However, it is impractical to multiplex a high number of users by NOMA as the resulting inter-user interference could lead to severe performance degradation [25] , [26] . Furthermore, a hybrid MA scheme that combines OMA and NOMA can better adapt the resource allocation in the LiFi attocellular networks [27] . In this case, the attocell users can be divided into different groups that are multiplexed by an OMA scheme, whereas the users within each group are multiplexed by means of NOMA. It is worth noting that selecting a subset of active users to be multiplexed by power-domain NOMA can reduce the computational complexity and error propagation detection associated with successive interference cancellation (SIC). A Hybrid NOMA precoding scheme with sequential user pairing algorithm was presented in [28] to realize spectral efficiency improvement in a downlink multiple-input-singleoutput (MISO) scenario. The proposed scheme was shown to achieve significant throughput enhancement and power reduction compared to conventional OMA. The work in [29] proposed rate-splitting multiple access (RSMA) as a general hybrid multiple access scheme for multi-antenna systems. RSMA relies on decoding part of the interference by means of SIC while treating the remaining part of the interference as negligible noise. Results showed that RSMA provides rate and QoS enhancements over NOMA while having a lower computational complexity due to the lower number of SIC layers. It is evident that the decision on MA protocol highly affects the achievable system performance and users' QoS satisfaction. Therefore, it is expected that future wireless networks will integrate hybrid MA techniques. This trend has also been evidenced by the recent application of NOMA to 3GPP-LTE multiuser superposition transmission (MUST) [30] . Particularly, MUST is based on a hybrid MA scheme that combines OFDMA and NOMA based on the channel gain differences between the users.
B. PROBLEM STATEMENT AND MOTIVATION
As discussed earlier, various MA schemes have been investigated in the context of LiFi multiuser scenarios. It is evident that there exists an inevitable trade-off between rate performance, link reliability and users' fairness offered by the different MA protocols. For example, it was shown in [25] that, while NOMA has the potential to unveil massive capacity gains in LiFi systems, its performance is susceptible to high error rates and reduced link reliability. Furthermore, since the existence of dissimilar channel gains is the basis of successful SIC in NOMA, its application could be restricted by the distinct strong symmetry of the VLC channel. Moreover, the use of power-domain multiplexing and SIC leads to extra computational complexity at the user terminal, which is undesirable for low-power receivers. This problem could be tackled by hybrid OMA/NOMA that allows for less stages on SIC and hence less complexity [31] . This paper works on the premise that a LiFi AP can decide on the best MA strategy to implement for specific users' statistics, i.e., number, locations and QoS requirements of users. As a result, DMAS is expected to be a key feature of LiFi networks in order to support the diverse requirements of different services and applications. We believe that intelligent dynamic real-time MA selection is a particularly critical requirement for future LiFi networks for the following reasons: 1) LiFi APs form small cells with coverage areas of few meters [1] , which implies that mobility could result in a rapid change in users' statistics. Thus, a realtime decision-making process is needed to dynamically adapt to the change in the number of connected users. 2) The VLC channel gain mainly relies on the users' spatial locations, and a small change in the user's coordinates may lead to a change in the ordered channel gains of the users, which in turn affect the performance of NOMA.
3) The VLC channel is highly symmetric in nature, which means that two users may exist in completely different positions and yet experience the exact same channel gain. In such scenario, NOMA performance could dramatically degrade and the LiFi AP may need to switch to another MA scheme. 4) Line-of-sight (LOS) is the dominant component of the VLC channel, and multi-path channel gain is negligible in most cases [32] . If a LOS blockage occurs to a particular user, the LiFi AP needs to adapt in real time and asses whether to connect the user via multi-path reflections or to disconnect the user and re-allocate the resources. In both scenarios, real-time decision making process is needed to reconfigure the MA strategy so as to maximize users' satisfaction.
The MA selection process represents the core of intelligence in the LiFi AP, which can run the appropriate alternative to meet the network design requirements. The research problem of MA configuration in LiFi APs can be decomposed into three main sub-problems: i) obtaining real-time information and QoS requirements of the LiFi downlink system, ii) developing mathematical and computational tools to support the subjective evaluation of a finite number of alternative MA schemes under specific performance criteria, and iii) employing an appropriate multi-criteria decision aid VOLUME 7, 2019 mechanism to choose among the configured MA schemes. Motivated by the above, we propose a solution for intelligent and self-configurable LiFi network access. In the proposed framework, the attocell AP can autonomously decide on the MA strategy so as to efficiently utilize the available resources to support the different requirements of the network users. To the best of the authors' knowledge, the problem of dynamic MA selection has not been investigated in related literature. A detailed outline of the contribution of this work is provided in the following subsection.
C. CONTRIBUTION
The developed DMAS scheme is envisioned to enable LiFi APs to support resource-efficient multiple user access and service provisioning operations in any device or environment. DMAS enables a LiFi AP to autonomously decide on the MA mode so as to efficiently support the different requirements of LiFi network operations and the network users. The contributions of this paper can be described as four-fold: 
D. STRUCTURE
The rest of this paper is structured as follows. Section II describes the LiFi downlink framework, including the VLC channel model and DCO-OFDM transmission. The different MA schemes are presented in Section III, while Section IV describes the proposed DMAS scheme and its underlying process. The evaluation of different attributes characterizing the MA schemes under consideration are presented in Section V. Section VI provides simulation results and related discussions. Finally, closing remarks are drawn in Section VII.
II. LIFI DOWNLINK FRAMEWORK
In this section, we describe the framework of the downlink LiFi network adopted in this study. We consider an attocell AP that simultaneously serves multiple users located under its coverage area. The uplink connection could be possibly realized by means of RF or infra-red (IR), and is out of the scope of this study [33] - [35] . As a result, it is assumed that there is no interference between the uplink and the downlink transmissions. Furthermore, it is assumed that the AP users do not exhibit interference from neighbouring LiFi APs. It is noted that this is a common assumption in related literature validated by the fact that light signals do not penetrate through walls, which enables having an interference-free LiFi attocell built into a room [32] , [36] . Furthermore, the AP is assumed to have channel state information (CSI) of all users in its coverage area, which is a common assumption in related literature [27] , [37] , [38] . We consider that the attocell circular coverage area is divided into a cell centre area and a cell edge area as shown in Fig. 1 . The cell centre is formed by a circle centred at the AP with radius r A , whereas the cell edge comprises the ring bounded by r A and r B . Accordingly, the attocell users are classified into cell centre users, i.e.,
, and cell edge users, i.e., U B = {U B j } N B j=1 . To facilitate multi-user access, the attocell AP dynamically decides on the MA scheme such that the available system resources are best utilized to meet specific system requirements. The proposed DMAS runs on the LiFi AP which collects users' information, i.e., CSI and QoS requirements, and evaluates the performance of the different configured MA scheme, namely: OMA, NOMA and hybrid OMA/NOMA. It is noted that OMA in the proposed framework is implemented by means of orthogonal frequency division multiple access (OFDMA), while NOMA refers to power-domain NOMA. Also, all transmissions are based on direct current biased optical orthogonal frequency division multiplexing (DCO-OFDM) [39] , [40] . It is noted, however, that the present analysis can be easily extended to different optical OFDM schemes. Furthermore, in order to enable the selection process, the proposed DMAS scheme should have a flexible frame structure so that the time and frequency resources are partitioned into different blocks that are freely available for different services and users.
A. VLC CHANNEL MODEL
The VLC channel is influenced by the characteristics of front-end devices as well as the free-space transmission. Therefore, we model the VLC channel gain at user k for subcarrier n as follows:
where H fe k (n) and H fs k (n) represent the frequency response due to front-end devices filtering and free-space optical channel, respectively. The low-pass filtering response of front-end devices can be approximated as:
where n = 1, 2, . . . , N FFT /2 − 1, N FFT is the total number of subcarriers, F s is the sampling frequency and F fe controls the frequency characteristics of the front-end device [32] . The free-space optical channel response can be represented as the LOS channel from the attocell AP to the k-th user. It was shown in [32] , that the majority of the attocell users experience negligible multi-path reflections, resulting in a dominant LOS channel component above 80% for the majority of the users. As a result, we can say that |H fs k (n)| = H LOS k , which can be calculated from Fig. 2 as:
where A k is the receiver photo-detector (PD) area, d k represents the distance between the AP and the k-th user, ϕ k is the angle of emergence with respect to the transmitter axis, φ k is the angle of incidence with respect to the receiver axis, φ c is the field of view (FOV) of the receiving PD, T s (φ k ) is the gain of optical filter and g(φ k ) is the gain of the optical concentrator, which is expressed as:
where n denotes the corresponding refractive index. More- (3) is the Lambertian radiant intensity of the LED, which is calculated as:
where m is the order of Lambertian emission, expressed as:
with ϕ 1/2 denoting the LED semi-angle at half power. Assuming a fixed FOV, the channel gain in (3) can be expressed as a function of the distance between the transmitting LED and the receiving PD, which is given as:
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. Furthermore, the k-th user's location is represented by the polar coordinates (r k , ψ k ). Thus, given that d k = (r 2 k + z 2 ), we can write:
with z being the vertical distance from the PD to the AP level, which is assumed to be fixed.
B. DCO-OFDM TRANSMISSION
The block diagram of a DCO-OFDM transceiver is shown in Fig. 3 . In order to obtain a real-valued signal, only a total of (N FFT − 2)/2 effective subcarriers out of N FFT available subcarriers are utilized for data transmission. The parallel bit streams, denoted by {s n }
are mapped onto M -order quadrature amplitude modulation (QAM) symbols to generate the complex valued signals {X n } N FFT /2−1 n=1 . The OFDM frame is then generated by expanding
n=0 according to the Hermitian symmetry mapping, i.e, X n =X n for n = 1, 2, . . . ,
It was shown in [41] that a total subcarrier number as small as 64 is considered sufficient to ensure Gaussianity. Consequently, the resulting OFDM signal is assumed to follow a Gaussian distribution according to the central limit theorem. Next, a cyclic-prefix (CP) is added to the OFDM frame and the time domain signal is clipped, amplified and DC biased in order to ensure the signal is positive. At the user terminal, the received time-domain signal at the k-th user PD can be written as: (9) where P elec is the LED electrical power, η PD is the the PD responsivity, h k (t) denotes the channel gain from the AP to the k-th user. Also n Rx (t) denotes the receiver noise. The resulting signal is then fed into fast Fourier transform (FFT) to reconstruct the frequency-domain received signal sample for the k-th user at subcarrier n as follows:
where H k (n) is the frequency response of the VLC channel of the k-th user at subcarrier n.
C. SINR CHARACTERIZATION
The received signal-to-interference-and-noise ratio (SINR) at the user terminals is an important factor in determining the service quality, and will be used to evaluate various performance metrics in this study. Since we assume that the attocell users do not receive interference from neighbouring LiFi attocells, the interference term in the SINR here refers to interference from signals of other users in the same attocell. The received SINR at the k-th user at subcarrier n can be calculated as:
where P k denotes the power allocated to the k-th user signal, and the function ik (n) is defined as:
Hence, the SINR reduces to signal-to-noise ratio (SNR) when a subcarrier, n, is dedicated to a certain user. Using (2) and (8), the SINR expression can be written as:
It can be inferred from (13) that the statistics of the SINR can be easily calculated knowing r k , i.e., the horizontal distance between the AP and the k-th user, as well as the adopted power allocation strategy.
III. MULTIPLE ACCESS MODES
In this section, we discuss the three MA modes considered in the adopted framework, namely: OMA, NOMA and hybrid OMA/NOMA. The LiFi AP autonomously chooses one of the three modes based on the system parameters using DMAS, as will be discussed later.
A. OMA MODE
In the OMA mode, the attocell AP multiplexes users by means of OFDMA, based on the DCO-OFDM transmission model described in Section II-B. Assuming that all users have equal average access probability (AAP), N k effective subcarriers are allocated to each user such thatN 1 = . . . = N K = (N FFT − 2)/2K , whereN k is the expected value of N k . The time-domain signals after the IFFT operation are transmitted with full power, since each subcarrier is dedicated to a certain user. As a result, there is no interference affecting the k-th user signal at subcarrier, n, and the corresponding received SINR in (13) reduces to SNR as follows:
B. NOMA MODE
In the NOMA mode, DCO-OFDM is combined with power-domain NOMA so as to multiplex the attocell users in the power domain. To this end, each user's signal utilizes the whole (N FFT − 2)/2 effective subcarriers. The time-domain signals for all K users are superposed in the power domain, where the k-th user signal is multiplied by a power allocation coefficient, P k . Thus, the overall combined signal can be written as:x
In order to satisfy the total transmit power constraint, the power allocation coefficients need to satisfy
To this end, the attocell AP allocates higher power allocation coefficients to users with lower channel gains so as to facilitate SIC at the receiving terminals. Assuming that the users U 1 , U 2 . . . , U K are sorted in an ascending order according to their channel gains, i.e. h 1 ≤ h 2 ≤ · · · ≤ h K , the attocell AP allocates the power allocation coefficients such that P 1 ≥ P 2 ≥ · · · ≥ P K . As a result, on the one hand, the user with the highest allocated power, i.e., U 1 directly decodes its signal regarding the interference from other signals as negligible noise. On the other hand, users with a higher decoding order, i.e., U 2 , . . . , U K need to successfully decode and subtract the signals of all other users with a lower decoding order before decoding their own signals. We assume that the attocell AP allocates power coefficients using fixed power allocation (FPA), which is a simple strategy adopted in various related papers [20] , [21] , [25] , [27] . In FPA, the power coefficient associated with the k-th sorted user is set to P k = αP k−1 with α denoting the power allocation factor (0 < α < 1). Consequently, the SINR at the k-th user at subcarrier n in NOMA can be written as:
It is assumed that the signals of users with a lower decoding order are perfectly cancelled during SIC process. Thus, the interference term in (16) accounts only for the interference from the signals of users with a higher decoding order, i.e., signals with low power compared to the desired signal, which can be treated as noise.
C. HYBRID OMA/NOMA MODE
The hybrid OMA/NOMA mode combines NOMA and OMA to find a better trade-off between throughput and reliability [42] , [43] . To facilitate this, the entity of users is divided into pairs and each pair is multiplexed in the power domain by means of NOMA. Furthermore, the signals of the different pairs are multiplexed in the frequency domain by allocating distinct subcarriers to each pair's signal. It was shown in [27] that NOMA achieves the maximum sum rate by pairing the two users with the most distinctive channel conditions. To this end, we assume that the Attocell AP multiplexes the signals of pair i with U i 1 and Ui 2 only if
Thus, a NOMA pair in the hybrid mode consists of a cell edge user paired with a cell centre user, i.e., r A ≤ r i 1 ≤ r B and r i 2 ≤ r A . As a result, the information-bearing time-domain signal transmitted to the i-th pair is P i 1 x i 1 + P i 2 x i 2 such that P i 2 = αP i 1 and P i 1 + P i 2 = 1. The unpaired users, if any, are then allocated distinct subcarriers. It is assumed that each paired and unpaired user have the same AAP, i.e.,
, where N pairs and N unpaired denote the number of pairs and the number of unpaired users, respectively. Also, N i is the number of effective subcarriers allocated to pair i while N j denotes the number of subcarriers allocated to each unpaired user, U j . Consequently, the unpaired users do not exhibit any multi-user interference and their respective VOLUME 7, 2019 SNR can be expressed as:
while the SINR for the users in ith pair can be written as:
IV. DYNAMIC MA SELECTION (DMAS) SCHEME
The developed DMAS runs based on the technique for order of preference by similarity to ideal solution (TOPSIS) [44] .
It evaluates a number of common design parameters for the considered MA schemes. It then computes the quantitative values of considered attributes to determine the positive ideal solution (PIS) and the negative ideal solution (NIS). The PIS maximizes the benefit criteria and minimizes the cost criteria, whereas the NIS maximizes the cost criteria and minimizes the benefit criteria. Next, a decision is made to choose a MA scheme that simultaneously has the shortest distance from the PIS and the farthest distance from the NIS. To this end, the proposed DMAS uses a monitor and computing module, which continuously measures the values of considered system parameters and QoS indicators. It uses the values of these parameters to enable the LiFi AP to select and configure the MA scheme. The following subsections, introduce the DMAS alternatives, attributes and decision-making mechanism.
A. DMAS ALTERNATIVES
In the proposed framework, multi-user access in the attocell can alternate among the three MA modes discussed in the previous section, hence, the possible decision alternatives are:
• OMA mode, • NOMA mode, • Hybrid OMA/NOMA mode.
B. DMAS ATTRIBUTES
For the MA selection problem, the following set of attributes are considered in the decision making process:
• Sum rate, R sum : which is defined as the total achievable data rate of the attocell constituting of the sum of the data rates of all its users.
• Outage probability, P out : which is defined as the average of outage probabilities of all attocell users. An outage occurs for a user if its received SINR value is less than the required SINR threshold of this user.
• User fairness, F: which quantifies the notion of resource allocation fairness among the attocell users, and is evaluated by means of Jain's fairness index. In order to evaluate these attributes, the proposed DMAS requires the knowledge of the location of each attocell user so as to determine the received SINR levels based on (14) , (16) , (17) and (18) . MA scheme selection can then be performed to meet the QoS requirements for cell-centre and cell-edge users.
C. DMAS MECHANISM
The stepwise procedure of DMAS is described below:
• Step 1: collect the input parameters (users' coordinates and QoS requirements).
• • Step 3: construct the normalized evaluation matrix, N = (n ij ) 3×3 , using the following formula:
, ∀i = 1, 2, 3.
• Step 4: assign a weight to each attribute based on its relative importance. The importance of a specific attribute can be decided based on the overall system requirements. For example, if the aim is to maximize the achievable sum rate, the sum rate attribute is given a higher weight and vice versa. It is also possible to give equal weights for different attributes, or a zero weight in case an attribute is not considered. Let the weight for attribute j be j , the weighted decision matrix can be constructed as W = (w ij ) 3×3 , where w ij = j n ij .
• Step 5: determine the best alternative, A b = (a b ) 3×1 and the worst alternative, A w = (a w ) 3×1 with respect to each criterion on the weighted normalized decision matrix, as follows:
where J + is associated with benefit criteria, i.e., sum rate and fairness index, whereas J − is associated with cost criteria, i.e., outage probability.
• Step 6: determine the separation from PIS, S p = (s p i ) 3×1 , and the separation from NIS, S n = (s ni ) 3×1 , based on L2-distance between the target alternative and the best and worst alternatives, respectively, such that:
and
(w ij − a wj ) 2 .
• Step 7: rank the alternatives according to the distances from the best and the worst solutions. To do so, the distance from NIS is divided by the summation of PIS and NIS. As a result, the ranked alternatives vector can be constructed as:
the first ranked alternative is then chosen as a MA scheme.
D. COMPLEXITY EVALUATION
We evaluate the complexity of the proposed DMAS scheme using Big O notation. Table 1 shows the complexity of each step involved in the DMAS decision making process as well as the total complexity, where n and m denote the number of multiple access alternatives and attributes, respectively. Given that the proposed DMAS scheme works on 3 possible alternatives, namely: OMA, NOMA and hybrid, the resulting complexity can be expressed as O(3m). Hence, the higher the number of evaluation attributes required in the system design, the higher the computational complexity of DMAS.
V. ATTRIBUTES EVALUATION
In this section, we present the performance metrics used to form the attributes evaluation matrix in (19) . Specifically, we derive the sum rate, outage probability and Jain's fairness index for each of the three MA modes under consideration, assuming the attocell users are uniformly distributed over the coverage area [27] , [32] .
A. SUM RATE
In the adopted framework, the AP evaluates the expected achievable sum rate for each alternative MA scheme based on the knowledge of users' polar coordinates. It was shown in [41] that trough symbol shaping and coding, the OFDMbased optical signals can achieve Shannon capacity. To this end, the data rate for the k-th user is:
where b(n) is the bandwidth of subcarrier n. Also, N k donates the average number of information-bearing subcarriers per user, which can be calculated as follows for the different MA schemes:
for Hybrid (20) consequently, the total achievable sum rate can be calculated as
The sum rate expressions for the three different MA schemes are listed in Table 2 below.
B. OUTAGE PROBABILITY
To guarantee the QoS required by the attocell users, we define A and B as the minimum received SINR required by the cell-centre and cell-edge users, respectively. For the sake of simplicity, front-end devices filtering effect is not included in the outage expressions. The user's outage probability based on its location can be expressed as: where
, and the SINR per subcarrier, γ k (n) is obtained from (14), (16), (17) and (18) for the different MA modes. Thus, the outage probability can be easily calculated using the SINR expressions derived earlier. For example, under OMA, the user outage probability for cell-centre user k A , where r k ≤ r A , can be obtained as:
where f R (r) = 2r/r 2 B is the PDF of variable r k following the uniform distribution. Hence the outage probability for cell-centre users can be calculated as:
, similarly, the outage probability for cell-edge user, k B , can be calculated as:
, (22) as a result, the overall outage probability for OMA users can be calculated as:
Following the same principle, the outage probabilities under the three different MA schemes can be obtained as in Table 3 below.It is noted that when NOMA mode is applied, the user with highest decoding order, U K , has the most favourable channel gain, i.e., r K ≤ r k for k = 1, 2, . . . , K − 1, and thus it is assigned the lowest power allocation coefficient. As a result, service satisfaction at U K requires that it successfully decodes and subtracts the signals of other users. Assuming perfect SIC is performed, U K can decode its signal without residual interference. Other attocell users, however, need to decode their signals with the existence of interference from users with a higher decoding order. The average user outage probability under NOMA can then be calculated as:
where P NOMA out K donates the outage probability of the user with highest decoding order, and P NOMA out k A and P NOMA out k B are the outage probabilities of the cell-centre and cell-edge users, respectively, with the presence of interference. Moreover, under the hybrid mode, each cell edge user is paired with a cell centre user and their signals are multiplexed in the power domain. Unpaired users, if any, are then allocated separate subcarriers. As a result, the average user outage probability can be calculated as:
, where P pairs out and P out unpaired denote the outage probability for paired and unpaired users, respectively, which yields the expression shown in Table 3 .
C. USER FAIRNESS
We consider throughput fairness among the attocell users for quantifying the notion of resource allocation fairness. To this end, we adopt Jain's index fairness measure which characterizes the contribution of the individual data rate of users to the system sum rate [42] . Throughput Jain-fairness index can be evaluated as: which can be easily calculated based on the rate analysis presented earlier as shown in Table 4 below, where R sum OMA , R sum NOMA and R sum Hybrid denote the achievable sum rate under OMA, NOMA and hybrid modes, respectively. According to (24) , the value of F is bounded by [
, where a greater Jain's index corresponds to a fairer system and maximum fairness is achieved when all the users obtain the same individual data rate.
VI. SIMULATION RESULTS
In this section, we present the simulation results for the system and channel models presented in Section II. Without loss of generality, we consider an attocell AP located in the centre of a room, with a cell radius, r B = 4 m. To this end, the cell-centre boundary is assumed to be a circle with radius r A = 2 m, while the cell-edge is formed by the ring bounded by r A and r B . Also, we assume that a maximum of 10 uniformly distributed users may exist in the coverage area of the attocell AP, and that MA can be provided by one of the three modes discussed is Section III, namely: OMA, NOMA and hybrid OMA/NOMA. Unless otherwise specified, the system parameters used for the simulations are listed in Table 5 . First, we investigate the performance of the different MA modes presented in the paper. Fig. 4 shows the rate gain of NOMA and hybrid modes over OMA, which are defined as η NOMA = (R NOMA sum − R OMA sum )/R OMA sum and η Hybrid = (R Hybrid sum −R OMA sum )/R OMA sum , respectively. It can be seen that both NOMA and hybrid modes fail to achieve any rate gain over OMA in the case of low transmit SNR of 100 dB as seen in Fig. 4 (a) . In fact, multiplexing all users in the power domain leads to severe sum rate degradation to almost half of the OMA rate when the number of multiplexed users is 10. For a higher transmit SNR of 120 dB, NOMA achieves maximum rate gain for 3 multiplexed users and then exhibits rate degradation as the number of users increases. This is due to interference cancellation errors at users with a high decoding order as well as the high interference affecting users with a low decoding order. It is noted that hybrid mode outperforms NOMA for a number of 8 or more multiplexed users. It is also noted that the ripple effect in the rate gain of the hybrid mode is because the hybrid mode provides more rate gain for even numbers of multiplexed users; as there is a higher probability of pairing all users in this case. As seen in Fig. 4 (b) , the rate of the hybrid mode is not equivalent to the rate of NOMA with 2 users. This is because the hybrid mode pairs the two users only when they exhibit distinctive channel conditions, while NOMA always performs power-domain multiplexing regardless of the channel conditions of the users. The rate gain of NOMA over OMA is most evident when a high transmit SNR of 140 dB is assumed as shown is Fig 4 (c) . This outcome is consistent with the conclusion drawn in [45] , which states that the performance gain of NOMA is more resistant to the impact of imperfect SIC in high SNR regime, while the gain of NOMA completely vanishes when 6% or more inter-user NOMA interference fails to be eliminated, i.e., due to low SINR. Next, we investigate the fairness provided by the different MA schemes. Given that equal AAP is assumed, it is expected that OMA provides the best user fairness for high numbers of users. This is because power domain multiplexing necessitates that users with a low decoding order decode their signals with the presence of interference, leading to low SINR values at these users. Thus, it is acceptable in NOMA that users with less favourable channel conditions suffer high interference while users close to the AP can eliminate multi-user interference by means of SIC. Fig. 5 shows the probability that NOMA and hybrid modes achieve better fairness than OMA (in terms of Jain's index) versus the number of multiplexed users. These values are obtained by averaging the probabilities over a transmit SNR range of 100 dB to 140 dB. It is evident that NOMA can achieve better fairness than OMA with very low probability, i.e., about 0.1 probability only when a small number of multiplexed users is assumed. In addition, we can observe that hybrid mode has a higher probability of being fairer than OMA for small numbers of users. It is worth noting here that the probability of NOMA being fairer than OMA is much lower than that of the hybrid mode for the case of two multiplexed users. This is due to the pairing strategy in hybrid mode which allows power domain multiplexing only when the two users have distinctive channel conditions, i.e., one lies in the cell centre while the other is located near the cell edge.
Next, we investigate the system performance under the three MA modes as well as the proposed DMAS. For these results, we assume that the minimum required SINR values at cell-centre and cell-edge users are A = 10 dB and A = 8 dB, respectively. Fig. 6 and Fig. 7 show the achievable sum rate, average outage probability and Jain's index for a system with 3 and 6 multiplexed users, respectively. For these results, the attributes' weights for DMAS are set to
Thus, the three performance metrics are given similar weights. As seen in Fig. 6 , NOMA can achieve the highest sum rate due to performing power domain multiplexing over all available subcarriers. This, however, comes with inevitable cost of increased average user outage probability which is particularly clear for the case of 6 multiplexed users in Fig. 7 . This is due to the high interference affecting users with low decoding orders. Also, it is clear that NOMA mode provides the lowest fairness among users. This can be interpreted by the fact that NOMA allocates different power values to the different users, leading to big differences in the achievable individual data rates. It can be seen also that OMA mode provides the lowest achievable sum rate with the best outage probability and fairness performance, while hybrid mode finds a trade-off between OMA and NOMA. The hybrid mode, however, does not count for specific system requirements and cannot be dynamically adapted. To this end, the proposed DMAS chooses among the three modes based on the given attributes' weights. It is seen, for example, that for the case of 3 users, DMAS chooses OMA for the low SNR region, hybrid for medium SNR values while it applies NOMA for high SNRs only. For the scenario with 6 multiplexed users, DMAS chooses OMA and hybrid modes depending on the SNR values, while the NOMA mode is not applied. This is due to the almost equal weights given to the three performance attributes, including outage probability which can be highly degraded under NOMA for high numbers of users. Next, we show in Fig. 8 and Fig. 9 the achievable system performance for 3 and 6 multiplexed users when the attributes' weights are set to [ R sum , P out , F ] = [0.8, 0.2, 0]. Here, the fairness metric is ignored and higher weight is given to the sum rate. It can be inferred from the presented results that the proposed DMAS prioritizes sum rate and thus tends to apply NOMA in the high SNR region even in the scenario with 6 multiplexed users in Fig. 9 .
In order to demonstrate the probability of choosing each of the MA alternatives under various conditions, Fig. 10 shows the probability that DMAS applies each of the three candidate modes for different SNR values and different numbers of users. In Fig. 10 (a) , the attributes' weights are set to Fig. 10 (b) shows the results when the weights are set to [ R sum , P out , F ] = [0.8, 0.2, 0]. For the first set of weights, all of the three attributes are given similar importance, and hence, the proposed DMAS finds a balance between throughput, outage and fairness. As a result, OMA mode is applied with high probability when the number of multiplexed users is high (6 users or more). This can be interpreted by the results shown in Fig. 5 which indicate that NOMA and hybrid modes can achieve better fairness than OMA only for small numbers of multiplexed users. It can also be seen from Fig. 10 (a) that DMAS chooses NOMA only in the high SNR region to ensure that the QoS requirements for all users are satisfied. On the contrast, we can see from Fig. 10 (b) that DMAS applies NOMA with high probability for small numbers of users even in the low SNR region. This is because the attributes weights in this scenario do not require fairness to be ensured among users. From the presented results we can conclude that the proposed DMAS provides a simple and cost-effective solution to determine the best MA alternative for given system requirements. In order to evaluate the degree to which the proposed DMAS satisfies system requirements, we define the system satisfaction index as follows:
VOLUME 7, 2019 where , and donate the required system sum rate, outage probability and Jain's fairness index, respectively. Fig. 11 shows the satisfaction index, ϒ, for the proposed DMAS scheme compared to static MA modes. These results are obtained from averaging 10 5 channel realizations for random numbers of uniformly distributed users inside the AP coverage area. It can be inferred from the figure that the value of ϒ increases for higher SNRs, i.e., the AP can better accommodate the QoS requirements in this case. It is also clear that the proposed DMAS provides the highest possible satisfaction index over the entire SNR range. Thus, DMAS outperforms static MA configuration in accommodating the QoS requirements of the LiFi AP users.
VII. CONCLUSION
This paper proposed DMAS as an autonomous MA selection scheme that aims to minimize user intervention and enable self-configuration in intelligent LiFi attocell APs. To this end, DMAS imparts the subjective evaluation of various MA schemes, namely OMA, NOMA and hybrid OMA/NOMA, based on the computational evaluation of the sum rate, outage and fairness criteria. Furthermore, DMAS can be dynamically configured to support diverse LiFi use cases by carefully assigning weights to the attributes in the developed multi-criteria decision techniques. The presented simulation results showed that DMAS provides effective decision-making on the best MA alternative under various users' densities and demands. For instance, DMAS has been shown to decide on adopting an OMA scheme when a high number of users (e.g., more than 6 users) attempted to simultaneously access the network. Whereas a NOMA scheme was adopted for small numbers of users only when the SNR range allowed for reliable detection at the receiving terminals. It was also demonstrated that the proposed DMAS provides the highest system satisfaction index compared to the static configuration of a single MA scheme. This is maintained regardless of the given attributes' weights or SNR values. We believe that the proposed framework can enable the design goal of ''anything as a service'' in future 5G networks, and can be possibly extended to include combinations of various design attributes and configurable alternatives to shape many LiFi applications in different sectors.
